Purpose The immediate aim of this study was to investigate alterations in peroxiredoxin (Prdx) 6 at posttranslational levels, and the levels of protein oxidation, lipid peroxidation, and reactive oxygen species (ROS) in lens epithelial cells (LECs) after exposure to severe oxidative stress, such as ultraviolet-B (UV-B). Our ultimate aim was to provide new information on antioxidant defenses in the lens and their regulation, thereby broadening existing knowledge of the role of Prdx6 in lens physiology and pathophysiology. Methods The expression of the hyperoxidized form of Prdx6 and oxidation of protein were analyzed by western blotting and the OxyBlot assay in human LECs (hLECs). ROS levels were quantified using DCFH-DA dye, and cell viability was quantified by the MTS and TUNEL assays. To evaluate the protective effect of Prdx6, we cultured lenses with or without the TAT transduction domain (TAT-HA-Prdx6) and observed (and photographed) the cultures at specified time-points after the exposure to UV-B for the development of opacity. Results Prdx6 in hLECs was hyperoxidized after exposure to high amounts of UV-B. UV-B treatment of hLECs increased the levels of cell death, protein oxidation, and ROS. hLECs exposed to UV-B showed higher levels of ROS, which could be reduced by the application of extrinsic TAT-HA-Prdx6, attenuating UV-B-induced lens opacity and apoptotic cell death. Conclusion Excessive oxidative stress induces the hyperoxidation of Prdx6 and may reduce the ability of Prdx6 to protect LECs against ROS or stresses. Because extrinsic Prdx6 could attenuate UV-B-induced abuse, this molecule may have a potential in preventing cataractogenesis.
Introduction
Age-related cataract is a multifactorial condition, the incidence and progression of which are modified by age, sex, and exposure to ultraviolet (UV) radiation and X-rays, oxidation, and biomolecules such as transforming growth factor beta and tumor necrosis factor alpha (TNF-a) [1] [2] [3] . The most significant factor in the lenticular cells of eyes maximally exposed to environmental stress is oxidative load [4] . To cope with oxidative stress, the crystalline lens has evolved antioxidant defense systems, including antioxidant enzymes of varying capacity, such as superoxide dismutase, selenium-dependent glutathione (GSH) peroxidase, catalase, glutathione-S-transferase, and the recently defined rapidly growing family of peroxiredoxins (Prdxs) [5] [6] [7] . During cataractogenesis, oxidative stresses induce injurious events, resulting in posttranslational modifications of lens' proteins, leading to their aggregation, fragmentation, and precipitation, which in turn causes lens opacification. Furthermore, exposure of the eye to UV-B (290-315 nm) can cause cortical and posterior subcapsular cataracts in humans and animals [8] [9] [10] [11] [12] [13] . UV irradiation of the lens induces active oxygen species (ROS), including hydrogen peroxide (H 2 O 2 ) and superoxide ions [14] [15] [16] . Increased ROS-driven oxidative stress generates various aberrant cellular responses, including damage to DNA and proteins [10] , hyperactivation of signal transduction pathways [17, 18] , and activation/deactivation of gene expression [19, 20] .
The Prdxs, a family of antioxidants, provide cytoprotection against internal/external environmental stresses by clearing the oxidative load [21, 22] . The mammalian Prdx family constitutes six members (Prdx1 to -6) [21, [23] [24] [25] . All Prdxs have two catalytically active cysteines-with the exception of Prdx6, a cytosolic antioxidant, which contains only one conserved cysteine, C47 [21, [23] [24] [25] . C47 is necessary for the GSH peroxidase activity of Prdx6. Moreover, this protein is more highly expressed in murine lenses than are the other members of the Prdx family [7] . Prdx6 expression is upregulated in lens epithelial cells (LECs) exposed to UV-B, dexamethasone, or TNF-a. In the mice model, expression of Prdx6 in the murine lens increases after birth, peaks at 6 months, and decreases with age [7] . During the prenatal period, Prdx6 is localized in the primary lens fibers and LECs; after birth and during aging, however, Prdx6 localizes to the surface cortical fibers (secondary differentiated fibers). This localization pattern reflects its biologic functions, which are associated with its antioxidant properties and possibly a role in cellular signaling [7] .
Prdx6 is a multifunctional protein. Its mRNA has been cloned and expressed from a human LEC (hLEC) cDNA library [5] . It has unique protective function(s) that are nonreductant to those of other antioxidants and involved in cytoprotection against various external and internal stressors [5, 6, [26] [27] [28] [29] [30] [31] [32] [33] . The encoded protein has been shown to protect hLECs from apoptosis induced by H 2 O 2 or hyperglycemia [25, 34] . Although classified as a Prdx on the basis of its homology, the properties of Prdx6 clearly differentiate it from other members of the mammalian Prdx family. Moreover, the sequence associated with Prdx6 activity is not present in other Prdxs [27] . In various studies, Prdx6-depleted (Prdx6 -/-) murine LECs exhibited elevated expression of ROS, showed spontaneous apoptosis, and were more vulnerable to oxidative stress-induced apoptosis than were LECs expressing Prdx6 [5, 6, 35] . In addition, Prdx6 -/-murine lenses developed cataracts after exposure to oxidative stress [5] .
The catalytic center of Prdx6, as well as of the other Prdxs, consists of cysteine, rather than selenocysteine, which characterizes the glutathione peroxidases [36, 37] . The N-terminus conserved cysteines (Cys51 of Prdx1) of Prdx1 to -5 are selectively oxidized by H 2 O 2 to Cys-SOH [38] , which, in turn, reacts with the Cys172-SH of another Prdx molecule, creating a homodimer through an intermolecular disulfide bond (Fig. 1) . The disulfide is subsequently reduced to the Prdx active thiol form by the thioredoxin-thioredoxin reductase system [39] [40] [41] [42] [43] [44] . Under oxidative stress conditions, however, the sulfenic intermediate is susceptible to hyperoxidation and may be hyperoxidized by H 2 O 2 , leading to the formation of sulfinic (Cys-SO 2 H) or sulfonic (Cys-SO 3 H) acid, which cannot form disulfide bonds with the resolving cysteine [36, 44, 45] . Furthermore, at high concentrations of H 2 O 2 ([100 lM), Prdx6 and 2-Cys Prdxs are hyperoxidized. In contrast to the hyperoxidation of 2-Cys Prdxs, the hyperoxidation of Prdx6 is irreversible in vivo [46] (Fig. 1) . Overoxidation of the catalytical cysteine, whether by H 2 O 2 or by cell cycle-dependent phosphorylation, can inactivate the Prdxs. Oxidative modification of Prdx6 may therefore act as a sensor of oxidative load, triggering signal transduction to counter oxidative stress.
We previously reported an association between Prdx6 expression in human cataractous lenses and age: older patients (aged [70 years) showed significantly lower expression of Prdx6 mRNA than did relatively younger patients (aged B70 years) [47] . In addition, the expression of Prdx6 mRNA was significantly lower in lenses with relatively more severe nuclear and cortical cataracts in patients aged B70 years [47] . Based on the results of this study, we speculated that the decreased expression of Fig. 1 Illustration of the mechanism of redox regulation by peroxiredoxin 6 (Prdx6). Prdx6 detoxifies and controls intracellular levels of reactive oxidative species (ROS), providing cytoprotection by maintaining survival signaling. The active site cysteine (Cys47) is oxidized to cysteine sulfenic acid (Cys47-SOH) by hydrogen peroxide (H 2 O 2 ). However, the resulting Cys47-SOH cannot form a disulfide bond because no other Cys-SH residues are present nearby. Cys47-SOH can be reduced by nonphysiologic thiols. Occasionally, the sulfenic intermediate is hyperoxidized to sulfinic (Cys-SO 2 H) or sulfonic (Cys-SO 3 H) acid, inactivating its peroxidase activity. GST Glutathione-S-transferase, UV-B ultraviolet B
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Prdx6 mRNA may induce oxidative stress in human lenses, leading in turn to age-related cataracts.
In the study reported here, we investigated the oxidative regulation of Prdx6, including alterations at the posttranslational level, and observed that ROS-driven oxidative stress induced by exposure to UV-B was associated with protein oxidation in LECs. Addition of the extrinsic Prdx6-linked transactivating transduction (TAT) domain reversed oxidative stress-mediated apoptosis processes by clearing the oxidative load as well as ablating oxidative stress-induced lens opacity in lens organ culture. These findings provide new information on antioxidant defenses in the lens and their regulation, thereby enhancing knowledge of the role of Prdx6 in lens physiology and pathophysiology.
Methods Prokaryotic expression of recombinant Prdx6 protein
The human immunodeficiency virus (HIV)-TAT domain has 11 amino acids (RKKRRQRRR) and can deliver 100 % of proteins across the plasma membrane and the blood-brain barrier [6, [48] [49] [50] [51] . In this study, we used the ability of the TAT domain to infiltrate cells and constructed a recombinant TAT-linked Prdx6 protein. Briefly, fulllength Prdx6 cDNA was cloned into a TA-cloning vector (Invitrogen/Thermo Fisher Scientific, Waltham, MA), which was used to transform competent prokaryotic cells. Plasmids of selected colonies were purified, and the purified TA vector containing Prdx6 cDNA was subcloned into a pTAT-HA expression vector (a kind gift of Dr. S.F. Dowdy). The expressed recombinant protein TAT-HAPrdx6 was purified on a Ni 2? -nitrilotriacetic acid Sepharose column (Invitrogen). The negative controls included mutated TAT-linked Prdx6 protein, in which the cysteine residue at amino acid 47 of the redox-active functional site was replaced by an isoleucine residue.
Cell culture
Simian virus 40-transformed hLECs (SRA01/04) (a kind gift of Dr. N. Ibaraki of the Ibaraki Eye Clinic, Tochigi, Japan) were cultured in Dulbecco's modified Eagle's medium (DMEM; Wako, Osaka, Japan) containing 20 % fetal bovine serum (FBS; Sigma, St. Louis, MO) to 80 % confluence at 37°C in an air-CO 2 (19:1) atmosphere for 24 h. For the UV-B irradiation assays, the hLECs were placed in 1 mL of 19 phosphate-buffered saline (PBS), irradiated with 0, 2.0, or 8.0 kJ/m 2 UV-B, and thereafter changed to fresh medium containing 2 % FBS. UV-B light was generated by a 15-W UV-B light source (312 nm), with its intensity standardized using a UV light meter (UVP, Upland, CA).
Assay for intracellular redox state and cell viability
Intracellular redox levels were measured using the fluorescent dye 2,7-dichlorofluorescein diacetate (DCFH-DA) (Cell Biolabs, San Diego, CA), a nonpolar compound that is converted into a polar derivative (DCFH) by cellular esterases after incorporation into cells. For the UV-B irradiation assays, hLECs were cultured in DMEM supplemented with 2 % FBS in 96-well chamber slides (Nalge Nunc, Rochester, NY) after irradiation with 0.0, 2.0, or 8.0 kJ/m 2 UV-B. The medium was replaced with Hank's solution containing 10 lM DCFH-DA (Cayman Chemical, Ann Arbor, MI) and incubated for 10 min at room temperature. Intracellular fluorescence was detected at an excitation wavelength of 485 nm and an emission wavelength of 530 nm using Spectra Max Gemini EM (Molecular Devices, Sunnyvale, CA).
The MTS assay (Promega, Madison, WI) of cellular proliferation/viability uses 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2 to 4-sulphophenyl) 2H-tetrazolium salt (MTS). When added to medium containing viable cells, MTS is reduced to a water-soluble formazan salt. The A490-nm value (A = absorbance) was measured after 4 h with a microplate reader (Bio-Rad Laboratories, Hercules, CA). The results were normalized with absorbance of the untreated control(s).
Detection of protein oxidation
Protein oxidation results in the introduction of carbonyl groups into protein side chains by site-specific mechanisms. Carbonyl groups in proteins extracted from UV-Btreated hLECs were detected using a OxyBlot Protein Oxidation Detection kit (Chemicon, Temecula, CA) according to the manufacturer's instructions. Protein samples (10 lg) were treated with 2,4-dinitrophenylhydrazine (DNP-hydrazine) to derivatize the carbonyl groups to 2,4-dinitrophenylhydrazone (DNP-hydrazone) and then electrophoretically separated on 10-to 20 % gradient sodium dodecyl sulfate (SDS)-polyacrylamide gels, followed by transfer to polyvinylidene difluoride membranes (Trans Blot Turbo Transfer Pak; Bio-Rad Laboratories). The membranes were incubated with primary antibody specific to the DNP moiety of the proteins, followed by incubation with horseradish peroxidase-antibody conjugate directed against the primary antibody. Bands were detected using the ECL Western Blotting Detection system (GE Healthcare, Buckinghamshire, UK).
Protein blots
Protein extracts of hLEC were prepared in ice-cold radioimmunoprecipitation buffer, as previously described [7, 52, 53] . Proteins (aliquots of 20 lg) were electrophoretically resolved on 10-to 20 % gradient SDSpolyacrylamide gels, transferred to polyvinylidene difluoride membranes (Bio-Rad), and incubated with anti-mouse Prdx6 monoclonal antibody (Ab) (Abcam, Cambridge, UK) and anti-rabbit-PrdxVI-SO 3 polyclonal Ab (GenWay Biotech, San Diego, CA, USA) to detect the sulfinic and sulfonic forms of Prdx6, respectively, and with anti-b actin monoclonal Ab (Abcam) (dilution, 1:300) as a loading control.
Apoptosis assay
Apoptotic cell death was analyzed by terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assays. TUNEL staining was performed using an in situ cell death detection kit and fluorescein (Roche Diagnostics, Mannheim, Germany), following the manufacturer's protocol. Briefly, cells were washed with PBS, fixed in freshly prepared 4 % paraformaldehyde in PBS (pH 7.4), and incubated in permeabilization solution (0.1 % Triton X-100, 0.1 % sodium citrate) for 2 min on ice. The cells were washed twice with PBS and incubated in a TUNEL reaction mixture for 60 min at 37°C in the dark. After three washes with PBS, the samples were mounted, viewed by photomicroscropy (ECLIPSE TE 300; Nikon, Tokyo, Japan), and analyzed.
Animals
All animal experiments were approved by the Committee of Animal Research of Kanazawa Medical University and conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, the recommendations of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the Institutional Guidelines for Laboratory Animals of Kanazawa Medical University (permission number: 2013-88). Nine female albino Sprague-Dawley rats aged 4 weeks, obtained from Clea Japan (Osaka, Japan), were killed through CO 2 inhalation. Their eyes were removed and the lenses dissected by a posterior approach. Each transparent lens was placed in a well of a 24-well culture plate containing 1.5 mL/well of Medium 199 (Gibco/Thermo Fisher Scientific) for 24 h. The pH was adjusted to 7.2 and the osmolality to 300 ± 5 mOsmol. Organ-cultured transparent lenses were irradiated with UV light set at 0 and 6.0 kJ/ m 2 (n = 3 per group). After 120 h, the lenses were photographed by means of a stereomicroscope with darkfield illumination (Stemi DV4; Zeiss, Jena, Germany). The opacity density was analyzed using MultiGauge Software (Fuji Film, Tokyo, Japan).
Statistical analysis
Data were reported as means ± SD for the indicated number of experiments and analyzed by one-way analysis of variance, followed by a t test when appropriate. Probability values of 0.05 were defined as significant.
Results

UV-B induced ROS-driven cell death and oxidation of protein in hLECs
Cell viabilities were significantly decreased in hLECs exposed to 2.0 and 8.0 kJ/m 2 UV-B for 60 min (Fig. 2a) . Quantitation of ROS levels using H2-DCFH-DA assays showed that ROS levels were significantly increased in hLECs exposed to 2.0 kJ/m 2 UV-B for 60 min and to 8.0 kJ/m 2 UV-B for 30 and 60 min, respectively (Fig. 2b) .
The effect of hyperoxidative load on intracellular protein carbonylation was assessed by the Oxyblot assay. Protein carbonylation can be used as a biomarker of oxidative stress. Because UV-B is a producer of oxidative stress and eyes are maximally exposed to sunlight, we examined whether the exposure of LECs to UV-B radiation would lead to protein oxidation. Oxyblot analysis of cells exposed to variable doses of UV-B radiation for different time periods revealed that oxidative modification of proteins was directly related to the dose and duration of UV-B exposure (Fig. 3) . Oxidation of protein was detected in hLECs with a 60-min exposure to 2.0 kJ/m 2 UV-B and with a 30-and 60-min exposure to 8.0 kJ/m 2 UV-B (Fig. 3) .
UV-B radiation induced expression of hyperoxidized Prdx6 (Prdx6-SO 3 ) in hLECs
To determine whether Prdx6 is hyperoxidzed in cells exposed to UV-B, LECs were exposed to 2.0 and 8.0 kJ/m 2 UV-B for 10, 30, or 60 min, and cellular extracts were prepared and immunoblotted with anti-Prdx6-SO 3 antibody. Exposure of hLECs to various doses of UV-B radiation showed that treatment for 10 and 30 min with 2.0 kJ/ m 2 UV-B and for 10, 30, and 60 min with 8.0 kJ/m 2 UV-B significantly increased the hyperoxidation of Prdx6 and the formation of Prdx6-SO 3 in LECs (Fig. 4) . Treatment for 60 min with 2.0 kJ/m 2 UV-B slightly increased the
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Exogenous TAT-HA-Prdx6 attenuates UV-Binduced ROS generation in hLECs
TAT-like proteins are efficiently internalized in cells and organs in a concentration-dependent manner and remain biologically active [6, 34, 50, 54, 55] . Although 5-10 lg/mL of TAT-HA-Prdx6 was found to optimally protect many cell types, the concentrations required may vary by cell type and concentration. Because 10 lg/mL TAT-HA-Prdx6 is nontoxic to cells, we assessed its ability to protect LECs from UV-B radiation-induced cellular injuries. Cultured LECs pretreated with 10 lg/ mL TAT-HA-Prdx6 were exposed to 2.0 or 8.0 kJ/m 2 UV-B radiation for 1 and 2 h (Fig. 5a, b) . As expected, ROS levels were significantly increased after exposure to 2.0 and 8.0 kJ/m 2 UV-B of cells pretreated with mutant TAT-HA-Prdx6, in which the active site cysteine 47 was replaced by isoleucine following exposure to UV-B (Fig. 5a, b) . In contrast, cells pretreated with exogenous TAT-HA-Prdx6 showed significantly reduced ROS levels 1 and 2 h after exposure to 2.0 kJ/m 2 UV-B radiation (Fig. 5a ). Cells pretreated with exogenous TAT-HAPrdx6 also showed significantly reduced ROS levels 1 h after exposure to 8.0 kJ/m 2 UV-B radiation (Fig. 5b) . However, exogenous TAT-HA-Prdx6 did not significantly reduce ROS levels 2 h after exposure to 8.0 kJ/m 2 UV-B radiation (Fig. 5b) .
Effect of exogenous TAT-HA-Prdx6 on UV-Binduced apoptosis of hLECs
These findings indicate that UV-B generates a high oxidative load in hLECs and that this increased oxidative load may surpass the threshold level and induce cell and 60 min, as detected by H2DCFH-DA assays (*P \ 0.004, **P \ 0.03). Results are shown as the mean ± standard deviation (SD) of three experiments. Asterisks denote significant differences. Section Assay for intracellular redox state and cell viability provides details on the assays Fig. 3 Effects of UV-B exposure on carbonyl group formation on protein side chains in hLECs. hLECs were exposed to 0, 2.0, or 8.0 kJ/m 2 UV-B and processed for determination of protein oxidation using the OxyBlot Protein Oxidation Detection kit. To control for derivatization, proteins were not treated with DNP-hydrazine. M Marker death. We therefore assessed whether UV-B radiation induces apoptosis in hLECs and whether this can be inhibited by treatment with exogenous TAT-HA-Prdx6. As our results indicated that cell death was significantly induced after 1 h of exposure to 2.0 kJ/m 2 UV-B (Fig. 2a) , we conducted an apoptosis assay at 1 and 8 h following exposure to 2.0 kJ/m 2 UV-B for 1 h. The TUNEL assays showed that LECs underwent apoptotic cell death 1 and 8 h after exposure to 2.0 kJ/m 2 UV-B radiation (Fig. 6a, b) . However, the addition of exogenous TAT-HA-Prdx6 (10 and 20 lg/mL) significantly reduced the number of TUNEL-positive cells (Fig. 6a, b) when compared with the addition of mutant Prdx6 (20 lg/mL) 1 and 8 h after 2.0 kJ/m 2 UV-B radiation. These results Fig. 4 Effects of UV-B exposure on hyperoxidized Prdx6 (Prdx6-SO 3 ) expression by cultured hLECs. Cells were exposed to 0, 2.0, and 8.0 kJ/m 2 UV-B and processed for protein blotting with antibody (Ab) to hyperoxidized Prdx6 (Prdx6-SO 3 ). Prdx6-SO 3 was detected as 27-and 30-kDa bands.
Results are shown as the mean ± SD of three experiments. Asterisks denote significant differences at *P \ 0.02, **P \ 0.0001, and ***P \ 0.005 Fig. 5 Treatment with the exogenous recombinant protein TAT-HAPrdx6 (for details on its construction, see section Prokaryotic expression of recombinant Prdx6 protein) attenuated UV-B-induced generation of ROS. hLECs were treated with 10 lg/mL TAT-HAPrdx6 or TAT-HA-Prdx6 mutated at the active site (Mut) as the negative control, exposed to 2.0 (a) or 8.0 (b) kJ/m 2 UV-B for 1 and 2 h, and processed for quantitation of ROS levels using the H2-DCF-DA dye at excitation and emission wavelengths of 485 nm and 530 nm, respectively. a Extrinsic supply of TAT-HA-Prdx6 significantly reduced ROS levels after 1 and 2 h of exposure to 2.0 kJ/m 2 UV-B radiation (*P \ 0.0005, **P \ 0.02, ***P \ 0.00002, ****P \ 0.003). b Extrinsic supply of TAT-HA-Prdx6 significantly reduced ROS levels after 1 h of exposure to 8.0 kJ/m 2 UV-B radiation (*P \ 0.00002, **P \ 0.0003, ***P \ 0.035). Results are shown as the mean ± SD of three experiments. Asterisks denote significant differences The role of Prdx6 in the protection of cells of the crystalline lens from oxidative stress induced by… 413
suggest that exogenous TAT-HA-Prdx6 prevents UV-Binduced apoptosis in hLECs.
Exogenous TAT-HA-Prdx6 prevents the onset of UV-B-induced cataracts
To determine if exogenous TAT-HA-Prdx6 could abrogate UV-B-induced development of opacity in crystalline lenses cultured in vitro, we treated organ cultures of rat lenses with TAT-HA-Prdx6 or its mutant and exposed the treated cultures to UV-B radiation (Fig. 7a) . Lens opacity at 120 h after exposure to 6.0 kJ/m 2 UV-B irradiation was significantly greater in organ cultures treated with 20 lg/mL of the mutant TAT-HA-Prdx6 (Fig. 7a, upper panel) than in those treated with 10 or 20 lg/mL of TAT-HA-Prdx6 (Fig. 7a, middle and lower panels) , indicating that exogenous TAT-HA-Prdx6 significantly reduced the area of opacity (Fig. 7a, b) .
Discussion
The results of this study show that exposure of hLECs to oxidative stress induced by UV-B resulted in the hyperoxidation of Prdx6. Agents of oxidative stress, such as UV light and high glucose, are major factors in the induction of cataractogenesis [35, [56] [57] [58] [59] [60] [61] . Consequently, determining the threshold of protein oxidation for lens opacification is of pathogenic importance [62] . In our study, Prdx6 was slightly hyperoxidized at 2.0 kJ/m 2 UV-B after 10 and 30 min but was rapidly hyperoxidized at 8.0 kJ/m 2 UV-B after 10-60 min. Prdx6 has been shown to act as a cellular indicator of hyperoxidative stress through the hyperoxidation of the cysteine 47 residue and to play a role in cellular toxicity [46] . In that study, treatment of both TAT-HA-Prdx6 significantly inhibited UV-B-induced apoptosis after 1 and 8 h (*P \ 0.01, **P \ 0.0001, ***P \ 0.008). Results are shown as the mean ± SD of three experiments. Asterisks denote significant differences concentrations, however, Prdx6 was rapidly hyperoxidized, increasing its iPLA2 (calcium-independent phospholipase A2) activity and inducing cell cycle arrest, showing that Prdx6 is involved in H 2 O 2 -induced cellular toxicity [46] . Inactivation of Prdx6 hyperoxidation in lenses may accelerate the generation of ROS and cell death in crystalline lenses.
We previously reported that Prdx6 protects human and murine LECs and bovine retinal pericytes from H 2 O 2 -, UV-B-, and hyperglycemia-induced apoptosis [5, 6, 34, 35, 57] . The finding of the current study show that the addition of TAT-HA-Prdx6 inhibited the UV-B (2.0 kJ/m 2 ) induction of ROS and apoptosis in cultured hLECs and of cataracts in organ-cultured rat lenses. However, hyperoxidation of Prdx6 may reduce cellular protection at higher oxidative stress, such as exposure to 8.0 kJ/m 2 UV-B. We found that the addition of TAT-HA-Prdx6 reduced the ROS levels at 1 h-but not at 2 h-after exposure to 8.0 kJ/m 2 UV-B radiation. It is possible that the extrinsic supply of TAT-HA-Prdx6 may inhibit ROS production temporally, whereas excessive and prolonged ROS production after 8.0 kJ/m 2 UV-B exposure may oxidize the supplied TAT-HA-Prdx6 in hLECs that have lost their antioxidative ability.
Irradiation by UV light generates ROS, including H 2 O 2 and superoxide ions [16, 63] , which in turn induces various cellular responses in eukaryotes, including damage to DNA and proteins [64, 65] , triggering of signal transduction pathways [66] [67] [68] , and activation of gene expression [66, [68] [69] [70] [71] . UV-B triggers the apoptotic pathway during irradiation, although the actual apoptotic process occurs later [10] . The combination of oxidative stress and direct damage to DNA and membranes leads to a loss of epithelial cell viability. Ayala et al. showed that UV radiation in organ-cultured lenses induces apoptosis of LECs [72] . During apoptosis, mitochondria in lens cells are under increased oxidative stress, which is considered to be an initiating factor for the onset of cataract development to maturity [59, 73] . We found that the addition of exogenous TAT-HA-Prdx6 protein before UV-B exposure prevented UV-induced apoptosis, DNA damage, and ROS production, and delayed UV-B-induced cataract. The aim of our study was to reveal that TAT-HA-Prdx6 could effectively blunt oxidative load by eliminating ROS and thereby inhibit UV-B induced apoptosis in cultured hLECs. We would like to emphasize that apoptotic events in the epithelium precede, both temporally and spatially, macroscopic cataractogenesis. The use of antioxidants to reduce the harmful effects of UV-B irradiation is a novel approach to photoprotection and cataract prevention.
TAT-HA-Prdx6 is transduced in LECs and lenses and protects LECs from oxidative stress [5, 6] . Moreover, Prdx6 has been shown to prevent oxidative stress-induced pathologic changes in vitro and in vivo. Intracellular delivery of mature proteins for therapeutic purposes has been limited owing to the impermeable nature of plasma membranes. However, the HIV-TAT domain has been shown to have a 100 % potential for intracellular delivery of proteins across the plasma membrane and the blood brain barrier [48] [49] [50] [51] 74] .
In conclusion, the results of our study provide the first evidence that hyperoxidized Prdx6 is generated by hLECs in response to UV-B exposure. Prdx6 functions both as an antioxidant enzyme and as a cellular indicator of higher oxidative stress. The antioxidant TAT-HA-Prdx6 may be useful for photoprotection and for the prevention of lens opacity and cell death of LECs induced by UV-B.
